Abstract
Introduction
In recent years, it is becoming common for companies in the manufacturing business to build strategic alliances with customers, suppliers, research centers [1] , and even competitors [2] to radically develop (or even just to incrementally innovate) new product/service solutions. In aerospace, for instance, the V2500 aero engine family [3] has been developed by the IAE International Aero Engines AG, a multinational consortium led by Rolls Royce and Pratt & Whitney, together with the Japanese Aero Engines Corporation (JAEC) and MTU Aero Engines. Similarly, the CFM56 aero engine product line [4] is developed by CFM International, a company jointowned by the French SNECMA and General Electric Aviation.
The development of technologically complex products requires a wide range of skills, knowledge and expertise, which are difficult to find within a single company function or even within a single organization [5] . Moreover, hardware-centered offers are increasingly complemented with different combinations of software and services to satisfy increasingly sophisticated customer needs, as well as to secure aftermarket activities (e.g., Product Service Systems [6] , Functional Products [7] and Industrial Product Service Systems [8] ).
In this scenario the design problem becomes increasingly wicked [9] . It can be adequately addressed only by involving in the decision-making process people from different functional areas, and with heterogeneous competencies and skills [10] . The development of collaborative decision-making capabilities represents a main objective, as well as a challenge, for these partnerships, which asks for enhanced methods and tools to acquire knowledge from a large network of independent and geographically dispersed peers [11] .
Motivation and objectives
Nowadays, the existing technological support for knowledge sharing within product development still focuses on explicit knowledge, that is, knowledge is embodied into 3D CAD (Computer Aided Design), and CAE (Computer Aided Engineering) models, as well as in PDM (Product Data Management), PLM (Product Lifecycle Management) and KBE (Knowledge Based Engineering) applications.
This contrasts with what observed by Bell [12] , who found that 80% of organizational knowledge is stored in people's heads, 16% is stored as unstructured data, and only 4% is formalized in a structured form. These figures are emphasized in cross-functional development efforts, and represent an obstacle when engineers require authentic information, expert help, or need to retrieve quality knowledge.
Often cross-functional team members find it cumbersome or even impossible to interact with domain-specific applications -such as the ones aboveresulting in situations where the vast majority of people who might have knowledge about the emerging aspects of the product cannot contribute in populating the knowledge base [11] . Hence, successful product/service development efforts depend on the capability to provide ad-hoc collaboration platforms, where knowledge can flow smoothly and informally across functional and organizational walls, establishing personal relationships that transcend local boundaries both socially and geographically.
The ground hypothesis of this study is that the knowledge base for cross-functional and crossorganizational development projects can be leveraged (i.e., the knowledge elements on which design decisions are taken can be improved in quantity and quality) by complementing 'top-down' knowledge sharing systems with 'bottom-up' solutions, to tap into dispersed team's skills, capabilities, and competencesin other words, on the 'wisdom-of-the-crowd' [13] .
Emerging from two case studies in the aeronautical supply chain, the paper investigates how social, bottom-up or "lightweight" (compared to the more "heavyweight" traditional solutions) knowledge sharing systems may supply to the increasing demand of knowledge of these teams. Accordingly, the two key objectives of the paper are to:
• Discuss the role of weak ties as enablers for more collaborative and innovative crossfunctional development projects; • Analyze the key mechanisms introduced by social technologies that can support these teams in shortening the decision making time and in increasing the quality of early design decisions.
Methodology
Two different industrial case studies served as basis for the research. The first one involved Company A, an aircraft engine component manufacturer, which has pioneered, since a couple of years, the development and implementation of Web 2.0 tools in its product development environment. The study has analyzed the knowledge flows between the company, its suppliers, customers, and wholly owned subsidiary, to understand how cross-functional teams create, process, share, and reuse information in their regular activities.
The second study was performed at a supplier level (Company B). It analyzed the internal and external knowledge flows in relation with the existing Document Management Systems (DMS), in the light of strengthening the connection between the company and the customers in the network. Figure 1 shows where the case studies are positioned within a simplified aeronautical supply chain, and details the cross-company knowledge flows analyzed during the study. The companies were chosen as the main research context because of their rich experience with crossfunctional teams. The study has resulted in 37 semistructured interviews and 6 focus groups with people from the participating companies. The interview respondents belonged to different company functions (product development, customer support, marketing, production and IT service) and to different levels of the company hierarchy (process owners, project managers, company specialists and system users).
The data gathering activity was performed in seven separate sessions at the respective company facilities between June 2008 and January 2011. Each interview was audio-recorded, transcribed, spell-checked and validated by the respondents. The excerpts presented in this paper have been taken from these recordings.
The Strengths, Weaknesses, Opportunities, and Threats (SWOT) framework has been used throughout the analysis to classify favorable or unfavorable factors to the adoption of social technologies within product development, from which to define the requirements for a system mock-up. Given the cross-functionality of the project context, the SWOT has been chosen to stimulate the interaction across the functional boundaries. In spite of its simplistic structure [14] and lack of diagnostic capacity [15] , the widespread adoption and recognizability of the framework [16] have facilitated stakeholders who do not frequently work together to engage in conversations [17] [18] and to nurture discussions that would not have emerged in the normal course of a business struggling with shortterm issues [19] . The SWOT has essentially played the role of boundary object [20] [21] , enabling the integration of knowledge across boundaries [22] , that is, as a focal point around which knowing-in-practice could arise [23] .
The power of weak ties within crossfunctional development teams
Within product development, it has been observed that engineers and scientists very often turn to a person for information rather than to a database or a file cabinet, and people seem to heavily rely on colleagues that they know and trust [24] . However, the emerging product development trends are pushing engineers to work with more people than ever before, but often with very limited knowledge of whom they are actually working with, what their collaborators know, and to what extent they can be trusted [24] .
Furthermore, as highlighted by Granovetter [25] , effective knowledge sharing is more likely to happen through distant and infrequent relationships and 'weak ties' [25] , because they provide access to novel information through connection to larger groups. In contrast, 'strong ties' can only lead to redundant information because knowledge is shared predominantly within small groups where everyone knows what the others know [11] . Weak ties are, therefore, particularly interesting when it comes to product development activities, mainly because this is a field where knowledge workers are explicitly interested in avoiding redundancy and seeking novelty and innovation.
Weak ties can support the design team in collecting and interpreting the customer needs, i.e. the 'problem' to be solved. Larsson [11] has observed that the ability to access and to understand needs fundamentally depends on whom the design team talks to in the customer organization. The 'customer' is not a singe individual, but rather composed of many people, typically dispersed in the customer network, who have different information about what the customer want. Providing means to develop ties with 'lead-users' [26] , able to offer their advice and experience to innovate the product, can enhance the capability of the team to understand how to add "value" to the customer, identifying much earlier the right problem solving strategy to pursue.
Weak ties can also provide access to 'hidden experts' around the enterprise that can support the team in coping with a given design problem. The foremost experts on the product/service might be outside of the official job description, not even on the company's payroll [27] , as highlighted during the empirical study at Company A: "Our group comprises also a naval department. Once it developed an innovative and heavily press released engine model, which broke down at his first public ride. Then, at the annual corporate Christmas party, a group of naval engineers met experts from our aerospace division and started to discuss the accident. Plenty of issues not properly considered during design popped up. They went back to work, introduced a few modifications, and it worked. I think we need these Christmas parties online. We have the right competences within our enterprise, but we are not good at finding them."
Nurturing weak ties becomes crucial for the design team to locate and exploit the hidden competencies in the extended organization and for the overall success of any complex development initiative.
Social technologies for product development: a literature review
Many organizations have started to investigate the use of bottom-up, social technologies in their working environment. McAfee [28] summarizes the rising company interest in the use of Web 2.0 tools for generating, sharing and refining knowledge in a global setting with the term Enterprise 2.0, defined as: "the use of emergent social software platforms within companies, or between companies and their partners or customers" [28] .
Many authors have further discussed the impact of social technologies and bottom-up concepts on knowledge management. Shimazu and Shinichi [29] , for instance, have introduced a knowledge management model in the context of the Web 2.0 age that can expand collective intelligence in a positive spiral by closely linking it to knowledge extraction from various communication tools and job systems. The Knowledge 2.0 [30] principles have been further explored from a generic company perspective by several authors, such as Scherp [31] , Sotirios [32] and Richards [33] .
In the product development domain, the emerging interest towards social and bottom-up applications has been highlighted by a recent McKinsey [34] survey, showing that more than 2/3 of 1700 companies interviewed worldwide during 2008 have investigated or deployed Web 2.0 tools to support their product development activities. Hinchcliffe [35] calls this trend "Product Development 2.0", a concept that embodies the use of social media to harness the collective intelligence of the development team, involving all the product stakeholders -users, producers, and technologists -into the creation of the product.
Online consumer communities are considered a major source of inspiration for the designers [36] , thus crowdsourcing [37] represents one of the most intuitive ways to use bottom-up tools for the benefit of product development. As widely acknowledged in the software domain, Web 2.0 can leverage the role the crowd plays in the innovation process by lowering the threshold for outsourcing the design task to a community through an open call [38] . Dell IdeaStorm [39] represents an example of how this concept may be exploited in an early software design phase. Several top companies, such as Microsoft, Apple or IBM, have made extensive use of social media to get feedback from the customer and to share ideas with lead users ahead of beta testing [40] . In manufacturing, crowdsourcing applications have been used to gather innovations for both products and services [41] [42], even by means of virtual prototypes online [43] .
Similarly, many companies have started to implement Web 2.0 tools to harvest product and process ideas from their employees, to distribute them through the organization, to have them evaluated by peers or formal review teams, and to eventually improve their internal procedures. The Microsoft Quest internal communications system [44] , the wiki environment proposed by Ciavola et al. [45] , and the wiki-like annotation tool advised by Maalej [46] represent examples of how a lightweight knowledge sharing approach can enhance collaboration across distributed development teams.
Social bookmarking applications, such as IBM Dogear [47] , have been developed to support learning, sharing and collaboration between researchers and professionals. Online forums are used to share product knowledge with the users in the customer support phase [48] , as well as to yield deeper insights when measuring past and present patterns of customer experience [49] . Microblogging functionalities are also implemented to leverage connections and facilitate knowledge sharing between different organizational areas [50] .
Web 2.0 technologies can play a crucial role in enhancing the way product development projects are documented [51] [52] . Wiki-style collaboration tools have been often proposed to create assessment reports [53] or to address the problems associated with maintaining rule-based systems as they grow [33] . They have been found to enhance the team's shared understanding of the product to be developed, and to support faster design iterations and better collaboration in an early stage [54] .
Several authors promote their use to enhance knowledge retrieval and to locate information just when needed. The key element for successful reuse is to understand a designer's reuse intention, which is not merely expressed by few keywords in a query. Context-based applications [55] , therefore, have been developed and used to support the in-context delivering of relevant knowledge from terminated projects, as a means to improve future design activities [56] .
Eventually, CAD/PDM software providers are exploring the possibility to leverage social interaction and collaborative features among global design teams, complementing their tools with Web 2.0 applications. Vuuch (http://www.vuuch.com), for instance, is a plugin for Pro/ENGINEER or Dassault Systemes' SolidWork that initiates, monitors, and manages design discussions directly from the CAD environment by associating them to the product Bill of Material.
SWOT analysis
The SWOT framework has been used to collect and summarize the main findings from the empirical study. Strengths (S) and Opportunities (O) gather those factors that are favorable to the implementation of a more bottom-up knowledge sharing approach, while Weaknesses (W) and Threats (T) mention aspects unfavorable to a more open strategy to knowledge management. Strengths (S) and Weaknesses (W) list major lessons learned related to the intraorganizational implementation of lightweight tools at Company A, while Opportunities (O) and Threats (T) highlight key areas of interest and inhibitors -both at Company A and B -related to the possibility of scaling up the adoption of social technologies to a crosscompany level.
Strengths
In complex and cross-functional development projects social media are appreciated for their ability to leverage networking across the enterprise, supporting newcomers in exploiting the connections of more experienced engineers. As acknowledged in the empirical study, they can reduce the time needed to search for experts and knowledge owners outside the usual designer's range of connections:
"We have tested social software functionalities with some of our competence centres for internal questions. Instead of just talking to man next door, we can address someone who is faster and more acknowledgeable to answer them." It has also been observed that social technologies facilitate information reuse in a new project context [24] by highlighting the 'social' processes related to information creation (e.g., by capturing the 'knowwhy' and linking knowledge elements to their owners), A major complaint against traditional document repositories is that they are typically undecipherable to people outside the project, and even to the original project members after time has passed [57] . People leave the organization, new members join the partnership and new requirements emerge along the way, making increasingly important to record the context related to such content [58] . Social technologies are seen as important enablers for capturing and semi-structuring contextual and conversational knowledge [59] that traditional systems usually fail to record and store [60] [61] .
"Blogs and wiki are powerful tools to pick up coffee machine talks and to increase the network around a certain problem area... they are good tools to capture information, you can put things in a more structured way than just talks... It's about keeping information in order in relation to each other, whether referring to PDM or PLM."
The ability of keeping existing product/service knowledge up to date has also been indicated as a major strength of a bottom-up strategy. The establishment of self-regulating communities across the extended organizations actively contributes in keeping knowledge elements active and dynamic by incorporating experiences and discussions while applying them in specific situations [62] .
Additionally, the respondents appreciate the mashup capabilities of these tools as means to tackle the problem of information overload [63] . Mash-ups can facilitate knowledge reuse (pushing relevant knowledge elements to the users at the right time in the right place), increase the visibility of knowledge elements from heterogeneous sources (aggregating lessons learned and best practices from different life cycle phases) and improve their analysis, taking advantage of associative processing.
Social technologies have also been advocated to leverage creativity across extended organizations through crowdsourcing. Most of the respondents noticed that crucial lifecycle knowledge is rarely straightforwardly fed back to the engineering team. Social technologies can enhance this process, enabling the "front row" (e.g., salesmen, technicians, customer support) to record, share and communicate facts and experiences back to the designers. Blogs, wikis or forums are not domain-or discipline-specific, thus they can be used outside the boundaries of the traditional knowledge management systems to collect ideas, needs and opportunities. "In the same way as engineers meet in the corridor and discuss the matter, we can bring that discussion from the corridor into a wiki and get it more open."
The empirical study has confirmed that blogs are preferably used to capture and disseminate expert insights and observations [64] . Wikis tend to be used as 'repositories' to collect critical issues from project meetings as well as spaces to collaboratively grow ideas for future products and to define and refine best practices from the different lifecycle phases, facilitating idea and experience sharing among the stakeholders across the lifecycle.
Weaknesses
The empirical study has identified two major factors inhibiting the straightforward implementation of lightweight collaborative environments in a product development setting: (1) a company culture that discourages working with unstructured information; (2) individuals that refuse to take an active part in open dialogues due to time concerns.
Informal knowledge sharing is inhibited by a company culture that considers socializing during working hours as a spare time activity, rather an attempt to exploit key social capital. Younger employees have appeared to be more acquainted with and prone to adopt Web 2.0 tools in their everyday activities. However, they also appeared to be the ones more rapidly absorbing the corporate culture when hostile to the idea, especially when considering the tool not suitable for the "engineering work".
Furthermore, in presence of strict deadline, the use of social tools is mostly seen as a burden for the engineers. Under constant time pressure, the use of the 'official' document management systems is prioritized and knowledge capture tends to be reduced to a minimum. Wikis, blogs and forums are thus seen as environments where users are forced to "duplicate" information already existing in other sources, thus they tend to be ignored.
Knowledge quality was also found as a major weakness, which strongly limits the real life implementation of these tools:
"If we write down our thoughts and opinions, people can use them as the truth, as a basis for decisions… If you write down a design practice, it is validated and approved. If you write something in a blog, it is not approved, but it is quite obvious that you cannot use it as it is. But the wiki… if somebody writes: "you should design a mount like this", someone else may use such information even if no one approves it. It is not a ranking system. Either you can design or you cannot."
A major fear is that social technologies tend to be dominated by the loudest and most persistent voices, leaning towards personal opinions and interpretations rather than verified facts. This problem is particularly remarkable within the domain studied (the aerospace industry) because design decisions strongly affect passenger safety and thus require a very solid, objective and verified knowledge base (i.e., they must not be biased by personal comments, impressions or unverified facts). Without clear indications of what can or cannot be shared, users tend to play a safer game and rely on the information from more 'official' knowledge sources.
Opportunities
In a cross-functional and cross-organizational setting, a more bottom-up knowledge sharing approach is advocated to positively impact the way information is prepared and used in a Stage-Gate® process [65] , supporting a more collaborative and iterative process for what concerns knowledge validation.
The study has shown that this activity is largely dominated by personal relationships and physical interactions. Engineers are used to turn to people they know and trust to confirm knowledge they possess. However, these people are difficult to find in product development setting that spans across several companies and functions.
Social technologies offer a unique opportunity to bring people together in a common forum to collectively answer questions such as: What do we know from previous projects? What are we lacking? Has anything already been done related to this context? "People may have very personal ideas on how an engine mount or a boss should be designed. Being able to formalize this unstructured information would mean that very early other people could say: "this is good" or "this is completely wrong"… If we would be able to use these social functionalities properly, the discussion could rise much earlier than it happens today… We could keep track of the context in which information is generated." Social technologies might enable decisions makers to deliberate with greater awareness and fewer ambiguities and uncertainties. By making downstream knowledge available in an earlier phase, simulation models could be populated and used much earlier than what happens today, which would ultimately increase the design team capability to prevent mistakes later in the lifecycle. Failures might be predicted -and corrective actions put in place -even before a product/service is operated.
Social tools might significantly contribute in shortening the start-up time for complex development projects as well. The team might be able to more easily glance through the knowledge baseline, e.g. by using context-based search engines to retrieve knowledge elements relevant for the task/gate it is operating in. Web 2.0 might also support a more serendipitous discovery of knowledge across applications and domains, e.g. matching heterogeneous knowledge elements together on the basis of their tag commonality.
Eventually, social technologies can help the project management in locating capabilities across the extended organization. Engineers and designers might use social network applications to constantly update their profile description, providing more up-to-date information on background, experience and interests compared with more top-down competence databases.
Threats
Knowledge leakage represents the most obvious threat related to the implementation of bottom-up strategy in a multi-company partnership. Mishandling RSS feeds, for instance might push confidential information to unknown subscribers in the network, exposing core know-how or customer requirements. Hence companies tend to be over-defensive in using these approaches, prescribing rigid set of rules concerning what can be spread and what can be not, eventually spoiling the initiative of all its bottom-up potential.
The limited longevity of the knowledge stored in the lightweight system has been also discussed in the study. An aircraft can be maintained in service for more than 40 years. If problems happen, engineers have to trace the issue back to its roots, perhaps in a design document that is twenty years old. Important information about "why" a certain decision was taken might be too dispersed -or hidden by other elementsto be retrievable.
At a more personal level, shared spaces that allow each and every individual to see what others have written or what they have commented upon might trigger self-censorship behaviors. Individuals might avoid sharing remarkable knowledge elements purposefully, or might moderate the quality of knowledge elements to benefit the interests of their team/company. People might also tend to not expose themselves openly because misinterpreted words might affect personal communication or damage professional reputation [66] .
Discussion
The outcome of the SWOT analysis is summarized in Table 1 : Table 1 . SWOT analysis summary
The analysis shows that 'social product development' is largely about providing technologies that facilitate the empathic discovery of knowledge in a variety of knowledge sources spread across the many corners of the extended enterprise.
By comparing strengths, weaknesses, opportunities and threats, the SWOT contributes to the identification of the low-hanging fruits of such a bottom-up knowledge sharing strategy, which can be used as a starting point for defining how the requirements for a sustainable lightweight knowledge sharing system should look like.
As shown in the SWOT, the overall purpose of social technologies is not to straightforwardly replace CAD software and data warehouses, but rather to provide more visibility and enrich the data contained therein, by capturing and framing the conversation in which the design information is produced. More in detail, the priority lies in the development of bottom-up tools (and related guidelines) able to lower the threshold for gathering contextual information in relation with customer needs, lessons learned and best practices.
The analysis also spotlights the new role played in the modern organization by all those individualsfrom production, marketing, sales, maintenance, disposal, etc. -who possess relevant knowledge for the development of product/service offers. When approaching the design problem from a lifecycle perspective, their responsibility is expanded to cover a wider range of issues, thus they are increasingly asked to play the role of 'knowledge brokers' in the extended organization, making their knowledge available to a larger network of peers.
How should their performances be evaluated? How should incentives be established? How should this modern 'knowledge worker' be trained? The Stanford University's 'd.school' ambition to create 'T-shaped' people [67] expresses well the need to train individuals in different parts of the organization able to assimilate and integrate different perspectives in their work. Tshaped people "maintain the depth and focus of a single discipline while adding a 'crossbar' of design thinking that drives the integration of multiple perspectives into solving real problems." [67] . The successful adoption of a bottom-up strategy when it comes to product/service development strongly depends from the ability to create a broader 'empathy' (the horizontal part of the T) when it comes to respecting, valuing and embracing a diverse set of disciplines and perspectives. This modern knowledge workers need knowledge sharing technologies whose structure can evolve over time, as an almost organic response to their activities, practices and interests. This need for flexibility is not addressed by the current knowledge engineering systems, but could be instead satisfied by modern Web 2.0 solutions. As observed in the study, blogs, wikis, social networks, RSS feeds, tags, microblogs, instant messages, discussion forums and social bookmarks seem to perfectly fit with the evolution of product development practices, and can therefore play a crucial role to enhance engineering activities across functional boundaries.
Conclusions
The paper has discussed the role of weak ties as enablers for more collaborative and innovative crossfunctional development projects.
The findings confirm that, although social technologies are not intended to replace traditional CAD/PDM/PLM systems, they can improve the knowledge baseline for complex product development projects, essentially providing the necessary context to leverage the way information is interpreted and processed by the engineers to solve the task at hand. The empirical study has shown that these technologies can support designers in capturing and semi-structuring conversational knowledge from a larger stakeholders' base, and to communicate it in a meaningful way for the design task. Examples have been also given in terms of how social tools can be applied in a StageGate® process [65] to increase the quality of early design decisions, that is, by collecting facts, opinions and suggestions on how to deal with wicked design problems before the gate meeting.
Web 2.0 tools can help engineers in finding people who tag items the same way they do, in identifying hidden experts by reading comments in a blog, or in finding social groups with similar interests by browsing their bookmarks collection. From a development process perspective, these mechanisms can leverage the way the design team identify the needed expertise in extended organization, the way the "context" of the information stored in databases and repositories is captured and managed, as well as the way knowledge assets are validated in a collaborative environment.
The study has also outlined a general lack of understanding of how such technologies could be implemented to support everyday engineering activities, that is, "socializing with a purpose". In spite of the increasing interest towards bottom-up concepts, today's perception of weak ties as enablers for more innovative and effective development processes is particularly low, even in cross-organizational projects where this need might appear more evident at a first look.
The risk that proprietary know-how could pop-up somewhere in the network for the benefits of the competitors is the major inhibitor for the implementation of social tools at the workplace. This asks for devising better policies and guidelines on how these technologies shall be used within and across the design teams.
In the light of these findings, in the close future the research will focus on three major questions arisen from the empirical study: 1) How knowledge elements can be aggregated in a meaningful way and managed along the product lifecycle, taking care of trust and security issues? 2) How their quality and maturity can be assessed? 3) How to enhance user commitment in the Web 2.0 initiative?
A software demonstrator integrating some of the key mechanisms highlighted during the study is under development, mainly with the purpose of collecting live feedback from engineers and designers on the use of social tools as enablers for more effective and efficient cross-functional product development projects.
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